R i c h a r d P . Y o u n g , A n s e l m e T o t o V o l a h y , R o b e r t B o u r o u , R i c h a r d L e w i s , J o a n n a D u r b i n , T i m J . W r i g h t , T i m D . H o u n s o m e and J o h n E . F a Abstract The Endangered Madagascar giant jumping rat, Hypogeomys antimena, has suffered a major decline in distribution and is now restricted to two seemingly unconnected sub-populations in the largest remaining fragment of deciduous, seasonally dry forest in Menabe, western Madagascar. In a previous study a rapid decrease in numbers of H. antimena was observed in relatively intact forest, suggesting a factor of population decline additional to habitat loss, and provoking fears of a negative trend occurring across its remaining range. 
Introduction

D
eciduous, seasonally dry forest in western Madagascar harbours high numbers of animal and plant endemics but has been dramatically reduced in extent and become highly fragmented through encroachment by subsistence agriculture and timber harvesting. This habitat is now one of the highest conservation priorities in Madagascar (Ganzhorn et al., 2001) . Dry forest once covered much of western Madagascar but by 1990 only an estimated c. 3% of the original cover remained (Smith, 1997) . As a result, many species associated with this habitat have suffered concomitant declines in their distribution and population size and are now lost or threatened with extinction.
The Menabe region of central western Madagascar, between the Tsiribihina and Tomitsy rivers, contains one of the largest remaining tracts of deciduous dry forest. Until recently the Menabe forest was largely unprotected and over 1995-2000 c. 4% was being lost per annum through clearfelling and burning, or was heavily degraded through human disturbance, including timber extraction (Sommer et al., 2002) . However, since 2000, local and international conservation partners have intensified measures to arrest deforestation. In 2006 the forest was given protected area status by the Madagascar Government as a move towards implementing a long-term management plan for biodiversity conservation and sustainable use of the area's natural resources.
The Madagascar giant jumping rat Hypogeomys antimena is a large rodent, endemic to the Menabe forest (Cook et al., 1991) and considered a flagship species for the dry forest habitat. It has probably one of the most restricted ranges of any Malagasy mammal (Goodman & Rakotondravony, 1996) and is categorized as Endangered on the IUCN Red List (IUCN, 2007) . The extent of occurrence of the species was estimated to have declined by 52% over 1985 -2000 (Sommer et al., 2002 and H. antimena is now thought to be limited to two of the least modified blocks of the Menabe forest, known as the Kirindy/CFPF and Ambadira forests, which are c. 200 km 2 in area (Sommer & Tichy, 1999; Sommer & Hommen, 2000) . A global H. antimena population of c. 9,000 adults was estimated from a 2000-2001 survey (Sommer et al., 2002) . Based on these data a population viability analysis predicted that if past deforestation rates continue the species would become extinct within 24 years (Sommer et al., 2002) .
Observations from an intensive study of H. antimena in the Kirindy/CFPF forest suggested that the species may be declining even in relatively undisturbed forest (Sommer & Hommen, 2000) . Between 1992 and 2000 the study population fell by c. 55% (Sommer & Hommen, 2000) . Because H. antimena is an obligate monogamous species, with a low reproductive output of 1-2 offspring per year (Sommer, 2001) , these declines were perceived not as part of a population cycle but of a long-term negative trend that may be occurring across its range (Sommer & Hommen, 2000) . The main proposed explanation was predation by domestic dogs belonging to tenrec (Tenrecidae) hunters (Sommer & Hommen, 2000) , although disease was also suspected.
However, the decline reported in H. antimena (Sommer et al., 2002) was largely based on one study site, and may not therefore be representative of the entire population. To determine more accurately the current size of the H. antimena population and any short-term trends, we carried out extensive line transect surveys across its known range in 2004 and 2005. We present the results of generalized linear models to assess the relationship between general habitat characteristics and the distribution and numbers of the species. We also make recommendations for the design of an ongoing monitoring programme for H. antimena.
Study area
The deciduous dry forests of Menabe are characterized by the presence of baobab trees (Adansonia spp.) and occur primarily on sandy and lateritic soils. The region's climate is dominated by a dry season (April-November), with a hot, wet season in the intervening period. Average total annual rainfall is c. 800 mm (Sorg & Rohner, 1996) .
H. antimena is thought to occur in two sub-populations, one each in the two main blocks of the Menabe forest, the Ambadira forest in the north and the Kirindy/CFPF forest in the south (Sommer & Tichy, 1999; Fig. 1) . From surveys conducted by Sommer et al. (2002) in 2000, the northern and southern sub-populations were estimated to be distributed over c. 4,000 and 15,000 ha, respectively, of suitable habitat. These surveys revealed that H. antimena had probably disappeared from dry forest to the west of the main road that runs south to north through the Menabe region, and from the forest corridor that connects the Ambadira and Kirindy/CFPF forests (Fig. 1 ). They also indicated that H. antimena is absent from areas of forest near to permanent rivers, presumably because burrows would be flooded during the wet season (Toto Volahy, pers. comm.). There is reasonably strong evidence (Toto Volahy, 1999; Sommer et al., 2002 ) that H. antimena does not occur in forest that is substantially modified through human activity, and disappears quickly following disturbance. To design the survey we inspected a 2003 Landsat 7 satellite image and, in combination with available species distribution information, we delineated areas of potentially suitable habitat. We estimated there is 17,202 ha of potentially suitable habitat in the Ambadira forest and 15,599 ha in Kirindy/CFPF forest, and these areas of forest were defined, for the purposes of this study, as the northern and southern survey areas respectively (Fig. 1) . Because of a lack of field data during the design phase the delineation of the survey areas was subjective, and therefore it is possible that we did not cover the entire range of H. antimena.
Methods
Estimation of active burrow density
H. antimena live together as adult pairs with one or two young, and use underground burrows to rest during the day and to avoid predation (Cook et al., 1991) . Regularly used burrows (hereafter referred to as active) are clearly identifiable from inactive ones by the presence of recently dug soil and often by the absence of leaves, twigs or cobwebs in the burrow entrance. Recently dug soil is distinctive as it differs in colour and structure to the surface soil. An intensive mark-recapture study (Sommer & Hommen, 2000) indicated that family groups use only one burrow for extensive periods of time, and thus the density of active burrows can be used as an index of population size of H. antimena (Sommer et al., 2002) .
A plot sampling survey of active burrows was previously carried out during April-November in 2000 (Sommer et al., 2002 . Each plot was 1 km 2 in area and was surveyed by teams of five people walking systematically across the plot and counting and marking all active and inactive burrows observed (as active burrows are relatively easily detected in the forest during the dry season it was considered likely that few were missed). Four and six plots were surveyed in the northern and southern study areas, respectively. Full details of the survey design and data collection protocols are provided in Sommer et al. (2002) . (with the longest sides along a north-south axis) to allow fieldworkers to finish in the same location as the starting point, to make travelling between transects more efficient. A further eight straight line transects (2-5 km long) were surveyed in the north and eight straight line transects (2-5 km long) in the south. The straight line transects were arranged in groups of four running approximately in a north, east, south and west direction from a randomly placed starting point for 5 km or until the edge of the survey area was reached (following the approach used by Sommer et al., 2002) . The same rectangular shaped and straight line transects were surveyed in both 2004 and 2005, and in total 137.9 km of line transects were surveyed annually. A further 17 2.5 km rectangular shaped transects, randomly placed in both northern and southern survey areas, were surveyed in 2004 and pooled with the other 2004 data to investigate habitat associations of H. antimena. A further five 2.5 km rectangular shaped transects were placed at random within the corridor region between the northern and southern survey areas (see Fig. 1 ), and were surveyed in 2004. Distance sampling (Buckland et al., 2001 ) was used to estimate the detection probability of active and inactive burrows.
Line transects were walked at c. 2-3 km per hour, following a pre-determined compass bearing; the distance walked was measured with a hip-chain (Forestry Suppliers, Jackson, USA). When a burrow was observed, the fieldworker walked a short distance past the burrow following the bearing on the compass before removing the hip-chain and placing it on the ground, so that the exact position of the line transect was clearly marked, and then measured the perpendicular distance from the line transect to the burrow. Because the diameter of burrow systems are wide relative to the distance at which burrows tended to be observed, the perpendicular distances between the line transect and the holes in the burrow system nearest and furthest from the transect were measured, with the mean of these two values used as the perpendicular distance. If the line transect ran through the burrow system the distances to the holes furthest from the line on either side of the transect were measured, the smallest value assigned a negative value, and the mean of the two values was the perpendicular distance.
Habitat characteristics
Habitat variables were measured at four points located halfway along each side of the rectangular transects. Within a 10 m radius of each point we quantified: (1) number of trees (plants . 8 m in height), (2) estimated height and measured diameter at breast height (dbh) of each tree, (3) number of bushes (plants , 8 m height), (4) estimated height and measured dbh of each bush, (5) canopy cover (estimated visually to nearest 10%), and (6) visibility (average of maximum visible distance in the direction of the four main points of a compass). The mean height and diameters of trees and bushes within the 10 m radius was then calculated for each sample point.
Estimation of mean group size
In July-August 2005 a trapping study to estimate mean group size was conducted at eight active burrow systems, randomly selected from all known burrows identified in 2004 and during the first part of the 2005 survey. Each burrow system was trapped for three consecutive nights with unbaited Tomahawk traps (48.3 3 16.5 3 16.5 cm; Tomahawk, Wisconsin, USA) at the entrance to each hole in the burrow system, and dead branches placed around the traps to ensure animals could not escape capture when leaving the burrow. Traps were set at c. 15.00 and checked hourly from 18.00 until 04.00 (Sommer & Hommen, 2000) , after which they were removed. Regular checking of the traps was important to minimize the risk of interference by fossa Cryptoprocta ferox, a predator of H. antimena.
Animals caught were placed in cloth bags. Following Sommer (1997) captured animals were sexed and weighed to estimate age (juvenile 250-500 g, subadult 500-900 g, and adult . 900 g). They were permanently marked with passive integrated transponder tags (ZooChip, AEG, Germany) and also temporarily identified with livestock dye so that recaptured animals could be easily detected on subsequent nights and not handled again. Animals were released at the entrance of the burrow in which they were caught once trapping had ceased and the traps removed.
Data analyses
Active and inactive burrow density was estimated using the software Distance v. 4.0 (Thomas et al., 2003) . Suitable models recommended by Buckland et al. (2001) were considered, and detection probability histogram and goodness of fit test statistics examined. On the basis of the lowest Akaike's Information Criterion value, the uniform cosine model was chosen to fit the detection functions for both active and The minimum extent of occurrence of H. antimena in the northern and southern areas was estimated using a geographical information system (ArcView v. 3.2, ESRI, Redlands, USA) to draw a minimum convex polygon around the locations of all active burrows identified in the 2005 line transect survey for both northern and southern survey areas.
A generalized linear model (GLM) was used to investigate associations between habitat variables and the occurrence (detection/non-detection) and count of active burrows along the 2.5 km line transects. Encounter rate (burrows km -1 ) was not used as a response variable in this analysis as it was not normally distributed and did not appear to fit any other statistical distribution. Habitat data collected at systematic sample points were averaged to produce a single figure for each line transect. The occurrence of active burrows was modelled with a binomial distribution and logit link function and the count of active burrows with a Poisson distribution and logarithm link function. Forward and backward stepwise regression was used to select explanatory variables for inclusion in the models. Only significant explanatory variables (P , 0.05) were retained in the model. Additionally, a binomial logistic and Poisson regression were used to investigate the relationship between the occurrence and count of burrows respectively, and distance to nearest forest edge. The latter explanatory variable was calculated in ArcView by measuring from the centre point of the line transect to the nearest edge of the main contiguous forest blocks. The relationship between habitat variables and distance to forest edge was investigated by means of a linear regression.
All statistical analyses were conducted using GenStat v. 6.2 (Lawes Agricultural Trust, Rothamstead, UK). 
Results
Temporal changes in active burrow density
Spatial patterns and habitat associations
Before the line transect surveys were conducted the area of potentially suitable habitat in the northern and southern study areas was subjectively estimated to be 17,202 and 15,599 ha, respectively. However, H. antimena were not uniformly distributed within these areas and appeared to be absent from some parts (Fig. 3) . From the minimum convex polygons we estimated the minimum extents of occurrence of the southern and northern sub-population to be 9,889 and 8,910 ha, respectively. No active or inactive burrows were recorded along the five transects positioned in the forest corridor region between the two survey areas. Line transects with the highest encounter rates of active burrows tended to be found in the centre of the northern and southern study areas (Fig. 3) . The number of active burrows recorded on line transects was positively associated with distance to the edge of the forest blocks (GLM: F 1,49 5 14.96, P , 0.001) as was the occurrence of active burrows (GLM: F 1,49 5 19.81, P , 0.001). A GLM predicted that, on average, the probability of the presence of active burrows increases to . 90% in areas that are . 5 km from the edge of the main forest blocks, and that there is at least a 50% probability of active burrows occurring in areas . 3 km from the forest edge.
Both the occurrence (GLM: F 1,49 5 12.55, P , 0.001) and numbers (GLM: F 1,49 5 13.70, P , 0.001) of active burrows were positively associated with the mean height of trees. However, there was no evidence that active burrow occurrence and numbers were related to density of trees and bushes, dbh of trees and bushes, canopy cover, or visibility. The GLM of active burrow occurrence predicted, on average, a probability . 50% of active burrows occurring in areas where mean canopy height is $ 11.5 m. The probability of occurrence of active burrows was predicted to decline below 20% if mean canopy height was , 10 m.
Mean canopy height increased with distance to forest edge (mean canopy height 5 10.10 + 0.0003 3 distance to forest edge; F 1,49 5 12.43, P , 0.001, r 2 5 0.186), although this variable only explained 19% of the variation in mean canopy height.
Discussion
Further to historical and large-scale population decline through habitat loss, a recent study (Sommer & Hommen, 2000) revealed that H. antimena rapidly decreased in abundance in at least one part of its remaining range and in relatively undisturbed dry forest. This led to a suspicion that a factor other than habitat loss was causing the decline and that this negative trend may be occurring across its entire range (Sommer & Hommen, 2000; Sommer et al., 2002) . Our current study, however, demonstrates H. antimena is considerably more abundant than was previously assumed and provides evidence that overall its population has not declined in density since 2000. It has also shown that the northern sub-population was approximately an order of magnitude larger (18,000 adults) than the previous estimate (1,800 adults, Sommer et al., 2002) , and twice the size of the southern sub-population, and therefore clearly far more important than formerly thought. Although there was a marked increase in the estimates of active burrow density between 2004 and 2005, there was no statistical evidence of a change in the overall population during this time period. An increase in active burrow density of 45% in one year was unexpected, given that H. antimena produce only 1-2 offspring per year (Sommer, 2001) . However, overall burrow density remained largely unchanged between 2004 and 2005 but the proportion of active burrows increased and consequently inactive burrows decreased. This pattern is consistent with a growing population, as H. antimena tend to colonize inactive burrows rather than dig new burrows (Sommer & Hommen, 2000) . The relatively low estimate of inactive burrow density from plot sampling in 2000 -2001 (Sommer et al., 2002 probably resulted from the lack of an estimate of detection probability and the difficulty of detecting inactive burrows that are located more than c. 5 m from the observer. Further monitoring is needed to confirm the possibility of population growth and to investigate long-term population trends. We advocate use of line transect sampling for future monitoring as it provides an estimate of detection probability and is relatively simple to implement. We also recommend the survey design developed in this study because it is efficient in terms of the number of field-days required to generate reliable burrow density estimates of reasonable precision.
However, there are two potential problems with using active burrows for monitoring H. antimena. Firstly, misclassification of active burrows would lead to bias in the population estimate. Based on the combination of evidence from previous studies (Toto Volahy, 1999; Sommer & Hommen, 2000; Sommer et al., 2002) and data presented here, the signs of recent digging at burrows and the lack of debris in the tunnel entrances provide a clear indication of activity. Any change in protocol for active burrow classification over time may have confounded our assessment of population change but the majority of data collection in [2000] [2001] 2004 and 2005 was carried out by one experienced person. Nevertheless, if a monitoring programme for H. antimena based on burrows is to be implemented by the future protected area management authority, more work is needed to develop and test a standardized protocol for classifying activity that will be robust to inter-observer differences and usable by less experienced personnel.
Secondly, numbers of active burrows only provide an index of abundance as these may not be related linearly to population size. For example, H. antimena exhibit two phases of dispersal, at the end of the dry and wet season, when male and female offspring, respectively, tend to disperse from their natal territory (Sommer, 1996) . The colonization of new burrows by dispersing offspring would increase active burrow density, even though population size would remain relatively constant. However, all but one of the eight groups trapped in 2005 contained at least one adult male and female, which would suggest that increased colonization of burrows by juveniles in 2005 does not explain the observed rise in the estimates of active burrow density. Furthermore, we aimed to avoid phases of dispersal by surveying between July and October and carrying out surveys at the same time of year in 2004 and 2005 to prevent seasonal effects confounding population estimates. The estimate of group size was based on a relatively small number of samples (n 5 8) and trapping at more burrows would have increased our confidence in this estimate and the precision of the overall population size estimate. To increase sample size substantially, considerable resources would be needed because of the labour-intensiveness of trapping and the logistics of following a randomized sampling design. Nevertheless, given its potential impact on the accuracy of population size estimation we recommend trapping to estimate group size be incorporated into future population monitoring.
The range of the northern and southern sub-populations of H. antimena in 2000-2001 was reported to be c. 4,000 and 15,000 ha, respectively (Sommer et al., 2002) but we estimated the species' minimum extent of occurrence in 2004 to be c. 9,000 ha and 10,000 ha, respectively. The northern and southern sub-populations therefore appear more and less widely distributed, respectively, than hitherto assumed. However, because our classification of potentially suitable habitat was subjective our surveys may have missed parts of the species' range and therefore H. antimena may be more widely distributed and abundant than the current estimates. Given the apparent specific habitat requirements of H. antimena for relatively undisturbed dry forest (Toto Volahy, 1999; Sommer et al., 2002) we consider it unlikely that large parts of the species' range were missed as our survey covered the majority of remaining intact habitat. The absence of active or inactive burrows in the forest corridor between the northern and southern survey areas indicates that the two sub-populations are not connected. However, by chance, the five transects placed in the corridor were clustered and therefore did not provide good spatial coverage. Further surveying and a better understanding of the habitat associations of H. antimena is needed to map the limits of its distribution accurately.
Our data have demonstrated that the probability of occurrence and numbers of active burrows were positively related to distance to the edge of the main forest blocks. Active burrows were found at highest densities in the core areas of both the the Kirindy/CFPF and Ambadira forests, and were often absent at the periphery. Distance to forest edge was positively correlated with canopy height, which in turn was also associated with active burrow occurrence and numbers. Forest with high canopy is likely to have been subject to less timber extraction, which tends to target the most mature trees, and therefore can be considered to be the least modified. The mechanism responsible for this pattern, however, is unclear; reduced food availability, predation by feral dogs or a shift in predator-prey dynamics in modified habitats are hypotheses that warrant testing. These edge effects underline the importance of buffering the core forest areas for protecting existing H. antimena populations.
The designation of a protected area provides hope that the largest remaining fragment of deciduous, dry forest in Menabe will be conserved, including strict protection of the core areas of the Kirindy/CFPF and Ambadira forests so crucial for H. antimena and sustainable management of the surrounding forest areas. However, the species remains highly threatened because of, among other factors, its restricted range, low reproductive output and the history of widespread and rapid destruction of dry forest in the region. A monitoring scheme has been implemented based on the data collection protocols outlined here, which will be managed in the long-term by the protected area management authority. Increasing the area of suitable habitat outside its current known range, either through forest restoration or regeneration, would improve the chances of long-term survival of H. antimena. A habitat suitability model, based on field and satellite data, has now been developed to identify areas of forest for such management that are currently unoccupied but in a state most suitable for H. antimena. 
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